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Abstract 
Many studies found that the decrease in photovoltaic (PV) cell temperature by 10 ℃ can improve the efficiency by 
0.5-0.7% based on the reference efficiency of 15%.  In this paper, the refrigerant R134a was used to cool down the 
PVs and thus improve the electrical efficiency. A hybrid flat plate PV panel, made of a glass cover – PV module – 
alluminium sheet – copper tube – insulation – metal sheet sandwich, was coupled with a heat pump system acting as 
the evaporator. Numerical models were established for the performance study. The results indicated that electrical 
efficiency dropped by 0.005 and thermal efficiency increased by 0.03 with every 100 W/m2 increase of radiation. The 
maximum COP could reach 6.6. 
© 2011Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of APAAS 
Keywords: Photovoltaic/thermal collector; Heat pump system; COP; 
1. Introduction
Photovoltaic (PV) technology has been widely used for generating electricity. However, the PV
modules are inefficient in terms of solar-to-electricity conversion efficiency, less than 20% for 
commercial PV modules [1]. Many studies found that the decrease of PV cell temperature would increase 
the solar-to-electricity conversion efficiency. In order to improve the electrical efficiency, many 
researchers employed air [2-3] and water [4-5] to cool down the PV modules, and the heat extracted from 
the PVs was used for space heating or domestic hot water supply. It was found that water was better than 
air in terms of PV cooling and energy performance but the improvement made by PV cooling was small. 
     In this study, the refrigerant R134a was used as the cooling liquid for the cooling of flat plate PV panel. 
The PV panel, acting as the evaporator, was coupled with a heat pump system. The small portion  
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Nomenclature 
  
A area  (m2) 
Cp specific heat at constant pressure  (J kg-1 K-1) 
d diameter of copper pipe  (m) 
E photovoltaic power per unit surface area  (W m-2) 
f packing factor of the PV module 
G solar irradiance  (W m-2) 
h specific enthalpy  (kJ kg-1) 
m mass flow rate  (kg s-1) 
P pressure  (Pa) 
q heat flux  (W m-2) 
T temperature  (K) 
u flow velocity  (m s-1) 
V volume  (m3) 
v specific volume  (m3 kg-1) 
x refrigerant dryness fraction 
  
Greek letters 
 convective heat transfer coefficient  (W m
-2 k-1) 
 compression index    
 thickness  (m) 
 efficiency  
 thermal conductivity (W m
-1 k-1) 
 dynamic viscosity (pa s) 
 density  (kg m
-3) 
 Stefan-Boltzmann constant  (W m
-2 k-4) 
 transmittance 
 effective absorptance  
  
Subscripts 
a air 
al aluminium sheet 
bp PV base plate 
c solar cells 
cd condenser 
co copper tube 
com compressor 
d heat conduction 
dis discharge 
ev evaporator 
g glass vacuum tube 
hx heat exchanger 
i inner 
o outer 
p PV module 
r refrigerant; heat radiation 
w water 
 
of the absorbed solar energy was converted to electricity. The rest energy was converted to waste heat, 
extracted by the refrigerant at the back surface of the PV panel. After the Rankine refrigeration cycle 
operation, the heat was released later at the condenser. With the low evaporating temperature, it was 
expected to achieve better cooling effect and better electrical performance of the PV modules. Numerical 
study on energy performance of a hybrid flat plate PV heat pump system was carried out. 
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2. System descriptions 
The hybrid PV heat pump system comprises four main parts: compressor, expansion valve and water-
cooled condenser as well as PV panel (evaporator). The PV evaporator is the key component, which is 
different from that of conventional heat pump systems. Fig.1 shows the layout of the flat plate PV panel. 
The flat plate PV panel is made of a flat plate type glass cover – PV module – aluminum sheet – copper 
tube – insulation – metal sheet sandwich. A cross-sectional view of part of the flat plate PV panel is 
shown in Fig.2. At the panel, a flat plate PV module is used as thermal absorber, with refrigerant copper 
tube running underneath. The tube is firmly fixed between PV module and aluminum sheet under precise 
pressure control to provide a good contact between the aluminum sheet and the copper tube. This enables 
a good heat transfer from the aluminum sheet to the refrigerant. The copper tube pitch was 50 mm. 
Thermal insulation is provided at the back of the PV panel to minimize heat loss. The PV modules are 
adhered on top of the base plate with glass cover. The total aperture area and PV cell area were 0.65 m2 
and 0.49 m2, respectively.  
 
inlet
outlet  
Fig. 1. Layout of the flat plate PV panel. 
Glass cover PV module Aluminium sheet
Copper tube Insulation Metal sheet  
Fig. 2. Cross-sectional view of part of the flat plate PV panel 
3. Numerical models 
Zondag et al. [6] built four numerical models for the simulation of PV/T collector: a 3D dynamical 
model and three steady state models that are 3D, 2D and 1D. The study showed that the 1D steady state 
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model performed almost as good as the others. Ji et al. [7] presented a dynamic model of the PV 
evaporator in a PV/T solar-assisted heat pump. The simulation results indicated that there was very small 
temperature difference distributed at the layers of PV module, aluminium sheet and refrigerant 
(neglecting the last small length of overheating) respectively. Therefore, for this work, the 1D steady state 
model is used for the simulation based on the following assumptions: 
• The PV/T heat pump system is in quasi-steady state. 
• The heat loss of the PV/T heat pump system is neglected. 
• The pressure drop of the PV/T heat pump system is neglected. 
• A mean temperature is assumed across each layer of the PV/T panel. 
Based on the energy balance analysis of each component of the two PV/T panels and other 
components of the heat pump system, mathematic models are established for the numerical simulations 
on energy performance study.  
The heat balance at the glass cover is given by 
 
skygragvgpvgprg qqqqG −−−− −−++= ,,,,0 β      (1) 
 
where 
gβ  is the absorbance of the glass cover “g”; gprq −,  is the heat radiation from the PV module 
“p” to “g”; gpvq −,  is the heat convection from “p” to “g”; agvq −,  is the heat convection from “g” to the air; 
skygrq −, is the heat radiation from “g” to the sky. 
The energy balance at the PV module is given by 
 
 ( ) ( ) ( ) gpvgpralpdcpcc qqqEfGGf −−− −−−−−+= ,,,10 βτβτ    (2) 
 
where ( )cβτ  and ( )pβτ  are the effective absorbance of the solar cells “c” and PV base plate, 
respectively; 
alpdq −,  is the heat conduction from “p” to “al”; E is the electricity generation. 
 The heat balance at the aluminium sheet is given by 
 
aal
al
coal
coaldalpd qA
A
qq −
−
−− −∗−= ,,0      (3) 
 
where 
alpdq −,  is the heat conduction from “p” to “al”;  coaldq −,  is the heat conduction from “al” to “co”;  
aalq −  is the heat transfer from “al” to the air;  coalA −  is the contacting area between “al” and “co”. 
The heat balance at the copper tube is given by 
 
coircovcoalcoald AqAq ,,,0 −−− −=       (4) 
 
where 
coiA ,  is the internal surface area of “co”; rcovq −,  is the heat convection from “co” to the 
refrigerant “r”. 
 
 
( )
co
co
r
rco
rcov
TTq
λ
δ
α 2
1, +
−=−          (5)  
 
where rT  is the refrigerant temperature; rα  is the convective heat transfer coefficient between “co” 
and “r”, given by 
 
For single-phase flow: 
i
r
a
r d
λα PrRe023.0
8.0
=    (a=0.3 for liquid, a=0.4 for vapour) [8] 
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For two-phase flow: ( ) ( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −+−= 38.0
04.076.0
8.0
Pr
18.31 xxxlr αα   
where x  is the average dryness fraction of the refrigerant. 
r
rrCp
λ
μ=Pr , 
r
coirr du
μ
ρ ,Re = . 
 
The heat balance at the refrigerant is given by  
 
rrcoirco hmAq Δ−= − ,0        (6) 
 
where rm  is the mass flow rate of the refrigerant for each PV/T collector; rhΔ  is the refrigerant 
enthalpy difference between collector inlet and outlet.  
Neglecting the pressure drop in the discharge line, the relationship been the temperature and pressure 
at the discharge and suction sides of the compressor can be expressed by 
 
κ
κ 1−
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
suc
dis
sucdis p
pTT         (7) 
 
 
where disT  and sucT  are the discharge and suction temperatures, respectively; disP  and sucP  are the 
discharge and suction pressures, respectively. 
The throttling process is regarded as the isenthalpic one. The mass flow rate is given by  
 
( )evcdrexr ppkm −= ρ         (8) 
 
where exk  is the characteristic constant of the valve;  cdp  and evp  are the condensing and evaporating 
pressure respectively;  rρ  is the density of refrigerant liquid. 
The condensing temperature is kept at 45 ℃. The heat balance equations at the refrigerant side of the 
condenser are similar to that when it flows through the PV evaporator. At the water side of the condenser, 
the heat balance can be expressed by [8] 
 
( ) ( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛
−
−−−−= −−
outwhx
inwhx
inwoutwhxwhxwinwoutwww TT
TT
TTATTCpm
,
,
,,,, ln0 α    (9)  
 
where wm  is the water flow rate;  wCp  is the specific heat of water;  outwT ,  and inwT ,  are the water 
temperature at the outlet and inlet respectively;  hxw−α  is the convective heat transfer coefficient between 
water and the heat exchanger plate;  hxwA −  is the contact area between water and the heat exchanger plate;  
hxT  is the temperature of the heat exchanger plate. 
4. Results and analysis 
Based on the above models, EES software is used to solve the mathematic models/equations. 
Numerical calculation is carried out under different solar radiation and constant air temperature of 15 ℃. 
Fig. 3 shows the variation of thermal efficiency and condenser heat capacity under different radiations. 
It can be seen from Fig. 3 that both thermal efficiency and condenser heat capacity increased in linear 
with the increasing radiation. The condenser heat capacity increased more sharply than the thermal 
efficiency. When the radiation was 200 W/m2, the thermal efficiency and condenser heat capacity were 
0.332 and 33.6 W, respectively. As the radiation increased to 1000 W/m2, the thermal efficiency and 
condenser heat capacity rose to 0.543 and 233 W, respectively. With every 100 W/m2 increase of 
radiation, the thermal efficiency increased by 0.03 and the condenser heat capacity increased by 24.9 W. 
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The average thermal efficiency and condenser heat capacity were 0.447 and 128.7 W, respectively. 
Fig. 4 shows the variation of electrical efficiency and PV power output under different radiations. It 
can be seen from Fig. 4 that electrical efficiency dropped in linear with the increasing radiation and PV 
power output increased in linear with the increasing radiation. When the radiation was 200 W/m2, the 
electrical efficiency was 0.109 and the PV power output was 7.0 W. As the radiation increased to 1000 
W/m2, the electrical efficiency dropped to 0.071 and the PV power output increased to 22.8 W. With 
every 100 W/m2 increase of radiation, the electrical efficiency dropped by 0.005 and the PV power output 
increased by 1.96 W. The average electrical efficiency and PV power output were 0.088 and 15.7 W, 
respectively. 
Fig. 5 shows the variation of COP under different radiations. It can be seen from Fig. 4 that COP 
increased in linear with the increasing. When the radiation was 200 W/m2, the COP was 3.6. As the 
radiation increased to 1000 W/m2, the COP increased to 6.6. With every 100 W/m2 increase of radiation, 
the COP increased by 0.38. The average COP was 5.1. 
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Fig. 3. Variation of thermal efficiency and condenser capacity with radiation. 
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Fig. 4. Variation of electrical efficiency and PV power with radiation. 
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Fig. 5. Variation of COP with radiation. 
5.Conclusions 
     A hybrid flat plate PV heat pump system was introduced in this paper. Numerical steady models have 
been established for each component of the heat pump system and part of the PV panel for the study on 
their energy performance. It can be concluded that: 
• Both thermal efficiency and condenser heat capacity increased in linear with the increasing radiation. 
Thermal efficiency rose from 0.332 to 0.543 and condenser heat capacity rose from 33.6 W to 233 W, 
responding to the increasing radiation from 200 W/m2 to 1000 W/m2. 
318  Hongbing Chen and Saffa B Riffat / Procedia Engineering 21 (2011) 311 – 318Hongbing Chen and Saffa B Riffat / Procedia Engineering 00 (2011) 000–000 
• Electrical efficiency dropped in linear with the increasing radiation and PV power output increased in 
linear with the increasing radiation. Electrical efficiency dropped from 0.109 to 0.071 and PV power 
output increased from 7.0 W to 22.8 W, responding to the increasing radiation from 200 W/m2 to 1000 
W/m2. 
• COP of the hybrid system increased from 3.6 to 6.6, responding to the increasing radiation from 200 
W/m2 to 1000 W/m2. 
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